We narrowed the spectral bandwidth of our 2 W broad-area laser to 8 Ϯ 1 GHz with a coarse tunability of 12 nm centered near 790 nm in an external cavity. Our passively stabilized external cavity was designed for use with high-power semiconductor lasers. The cavity length and mount are modular with a fixed pivot point so that the optical elements can be changed to access a broad frequency spectrum and enable multiple applications. The bandwidth was observed to be dependent on the multimode transverse structure of the laser.
Introduction
Semiconductor lasers have become an attractive alternative to more traditional solid-state lasers for use in high-resolution atomic and molecular spectroscopy experiments. These lasers are orders of magnitude less expensive than their optically pumped counterparts and are very compact and highly efficient. The availability of high-power ͑տ1 W͒ lasers in the form of laser diode arrays, tapered amplifiers, and broadarea semiconductor lasers (BALs) has also spurred a great interest in using these lasers for a large variety of military, industrial, and scientific applications such as spin-exchange optical pumping of noble gases [1] and harmonic generation [2] . There are, however, some notable disadvantages to semiconductor lasers. Perhaps the most noteworthy is the high degree of astigmatism relative to other types of lasers. For index-guided laser diodes, this astigmatism is usually small ͑Շ10 m͒ and sufficient to still permit only Gaussian mode operation. The resulting divergent output can be corrected with a proper collimating lens. However, in gain-guided BALs, the astigmatism is much larger ͑տ30 m͒. The active area is highly elongated along the slow axis (parallel to the p-n junction) and along the optical axis to achieve high output power. Unfortunately, this leads to beam filamentation, longitudinal multimode output (with spectral bandwidths between 2-3 nm), and near-field structure with multiple transverse modes along the slow axis that make collimation difficult. Tapered amplifiers alleviate many of these problems by spatial filtering within the gain medium, though this limits their output power to a few watts.
To use semiconductor lasers in many applications, these lasers need to be frequency locked either by separate injection of a single-mode master laser [3, 4] , or self-injection utilizing phase-conjugate feedback [5] [6] [7] , or by placing the laser in an external cavity [8, 9] with appropriate feedback. This allows for tunability of the center wavelength and reduced multimode output in high-power semiconductor lasers. When using master-slave injection locking, modest output powers have been achieved while retaining the single-mode, narrow-linewidth output characteristic of the low-power master [10, 11] . This method of frequency locking, however, is very sensitive to relative electrical, thermal, and mechanical noise, which adds complexity to the design. Successful designs utilizing phase-conjugate feedback have been demonstrated using barium titanate crystals [12] [13] [14] , various atomic vapors [15] [16] [17] , and even the semiconductor lasers themselves [18 -20] as conjugating me-dia. Phase-conjugate feedback is more attractive than master-slave injection because the phase locking is guaranteed as long as the conjugating medium is sufficiently responsive to phase fluctuations [21] . One problem with using phase-conjugate feedback to lock multimode lasers is frequency self-scanning, which is due to dispersion within the conjugating medium [22] . Though this can be suppressed to achieve stable, narrow-bandwidth operation [14] , it does add complexity. An alternative to these techniques is using conventional optical feedback from an external cavity oscillator to frequency lock the laser. These externalcavity diode lasers (ECDLs) do not suffer from the relative fluctuations that plague master-slave injection locking and self-scanning issues present with phase-conjugate locking.
There are two broad types of optical feedback that are used in ECDLs: dispersive and nondispersive. The far-field emission of BALs is typically dual-lobed with high-order transverse multimode structure. Nondispersive ECDLs use spatial filtering or off-axis feedback of a single lobe to improve the beam quality, with an intracavity etalon sometimes employed to provide tunability and narrow the bandwidth. Dispersive ECDLs utilize diffraction gratings in traditional Littrow [8] and Littman-Metcalf [9] configurations to control BAL output. Low-power ECDLs are extensively used and are commercially available with diffraction-limited single-mode outputs that are widely tunable without mode hopping. Considerable interest is being paid to transferring these characteristics to high-power ECDLs. Currently, the best commercially available high-power ECDL is based on a design by Stry et al., and is capable of 1 W of diffraction-limited singlemode output power that is tunable over a 15 GHz range without mode hopping [23] . This design utilizes a tapered amplifier in a Littrow configuration. Tapered amplifiers are considerably easier to implement in an ECDL due to their better beam quality. Complex near-field dynamics and spatial beam filamentation characteristic of BALs make implementing them more difficult, though worthwhile because BAL-based ECDLs offer higher output powers. Considerable work has been done using 1-2 W class BALs such as our own. An 8 GHz bandwidth was observed in a simple ECDL operating at 1.5 W [24] . This design utilized nondispersive feedback though it was not directly tunable. Dispersive designs combining narrow-bandwidth operation with large coarse tunable ranges (i.e., with mode hopping) at ϳ1 W output power include an ECDL with a 16 GHz bandwidth and a 14 nm coarse tunable range [25] , and another with a 20.3 GHz bandwidth and a 4-6 nm coarse tunable range [26] . The latter was specifically designed for use in spin-exchange optical pumping experiments. That application of high-power ECDLs was the impetus for this work. To attain high nuclear polarization rates, high-power ECDLs with bandwidths matching the pressure broadened D1 absorption bands of alkali vapors are highly desirable [26, 27] .
Over the past couple of years, we have constructed a unique optical-feedback cavity intended to significantly improve the beam characteristics of our 2 W broad-area laser. Our design is a rigid implementation of the standard double-pass Littman-Metcalf geometry that strictly enforces mode-hop-free synchronous tuning conditions. We employed passive stabilization techniques to mitigate short-term fluctuations and reduce long-term drifting. We narrowed the spectral bandwidth to 8 GHz, which is better than the various tunable dispersive ECDLs described above, while being coarsely tunable over the entire gain profile of the BAL ͑ϳ12 nm͒. We have also studied the effect of spatial beam quality on our ability to narrow the spectral bandwidth of the BAL. Our ECDL mount is a modular design that allows substitution of different lasers and gratings to cover multiple wavelength regimes of the electromagnetic spectrum. With our current laser and grating, both the Rb 2 P 1͞2 level at 794.8 nm and the 2 P 3͞2 level at 780.0 nm, with cooling of the BAL, can be accessed. By changing the laser, the K 2 P 1͞2 level at 770.0 nm can be accessed without constructing a new ECDL. In particular, these features are of interest in spin-exchange optical pumping experiments for the improvement of magnetic resonance imaging of the lungs and biological tissues.
Experiment
A schematic of our design based on the LittmanMetcalf geometry is shown in Fig. 1 . In the figure, the total cavity length L is a sum of the laser-grating length L g and the grating-mirror length L m . The pivot-grating, pivot-mirror, and pivot-laser distances, L p , M p , and D L , respectively, are measured to their respective midpoints. The widths of the feedback mirror and grating are W m and W g , respectively, and t g accounts for the width of the grating arm. With respect to the grating, the input angle and the output angle are related to each other and to the laser wavelength via the standard grating equation,
where n is the grating line density, Littman-Metcalf designs are operated in first order, thus m ϭ 1. Figure  1 shows a Littman-Metcalf cavity design with an arbitrarily located pivot point P a distance d 1 from the laser plane (defined by the fully reflective back facet) and distances d 2 and d 3 from the grating and mirror planes, respectively. An analysis of round-trip phase accrual in the geometry of Fig. 1 yields two conditions on the location of the pivot point P for synchronous tuning of the cavity-mode structure [28] . Synchronous, mode-hop-free, tuning can be achieved
The latter condition says that if the grating is well-aligned to the pivot point, then position errors in the mirror can be compensated by an opposite displacement of the laser. Our design takes advantage of this displaced configuration by enabling motion of the laser along d 1 in order to compensate for position errors in the placement of the mirror. This is made possible by careful design of the grating arm to minimize d 2 . The maximum modehop-free tuning range is bound by alignment errors in the grating. If the synchronous tunability is limited by alignment of the cavity elements, then the maximum synchronous tuning range can be used to estimate the total alignment error of the elements [28] .
As the desired tuning range increases, the tolerance on the pivot point becomes more strict. Our ECDL is a true Littman-Metcalf implementation in the sense that the intersection of the laser, mirror, and grating planes is rigidly maintained as the laser frequency is tuned. The mirror and grating planes in Fig. 1 are solid structures in our cavity. A photograph of the mount is shown in Fig. 2 . Tuning is accomplished with a linear actuator mounted at the end of the "movable" arm nearly perpendicular to the feedback mirror. In contrast to other designs, the entire arm is moved with respect to the pivot point rather than tilting the mirror to accomplish frequency tuning. The grating arm is permanently set at an input angle of ϭ 85°. The two arms were made from 1.27 cm thick copper and were tapped at 1.27 cm increments to allow slotted grating and mirror mounts to access a continuous range of cavity lengths. To damp vibrations, the cavity arms supporting the optics were mounted on a heavy steel baseplate and the whole assembly was affixed to a floating optical bench via an aluminum plate. The only major source of vibrations during tuning was from the actuator itself, but this was partially damped by a rubber boot installed at the point of contact. Residual vibrations did not propagate far along the movable arm and were not noticeable on the feedback mirror mount. To reduce air currents, the cavity was enclosed with a Plexiglas housing and was covered inside with nonreflective flock paper in order to prevent stray reflections from disrupting our ECDL. This housing was not sealed, so the cavity temperature and pressure were ambient. These pas- 
We optimized every dimension of the cavity to rigorously satisfy the multiple constraints imposed by synchronous tuning requirements and by practical considerations. The available space for the mount and the required coarse wavelength tuning range will generally set the design limits. Determining the limiting constraint will set the dimensions of the entire mount. The two dimensions that can limit the design are the total cavity width W and grating arm length L, as shown in Fig. 1 . If the total desired width of the mount is the limiting constraint, then the minimum grating arm length is found geometrically to be
L min needs to be evaluated with the maximum since this will correspond to the mount being fully open. Equation (2) assumes that the center of the mirror is on the edge of the arm. Depending on the type of mirror mount used; the actual usable length of the grating arm may be slightly different. If this length exceeds any constraints on the grating arm, then the grating arm length should be used to fix the mount dimensions. Using this constraint will set the minimum movable arm length to be
M p min must be evaluated at the minimum where cos is a maximum. The same assumptions on L min apply to M p min as well. Because the grating should be wide enough to accept the entire beam at grazing incidence, it is assumed that its mount need not be larger. Equations (2) and (3) can be used to design an ECDL using the Littman-Metcalf geometry.
We designed our ECDL mount to operate in a range of from 55°to 70°. Using a 2400 lines͞mm grating, this corresponds to a possible wavelength coverage from 756 to 807 nm with the proper laser. This range allows the Rb D1 and D2 and K D1 transitions to be accessed with a single mount. For our cavity, the standard 30.48 cm length of the copper plate was the limiting constraint on the mount dimensions and was used to set L. Using Eq. (3) for length constrained cavities, this specified a minimum length of M p min ϭ 16 cm for the movable arm. These dimensions resulted in a nominal cavity length ͑L g ϩ L m ͒ ranging continuously from 5 to 52 cm. The lower end of the range was set by the space taken up by the collimating optics. The upper end is slightly smaller than the value predicted from the arm lengths because of additional space required by the mirror mount. The width of the two arms was chosen to be 6.67 cm to accept the mirror and grating mounts. This dimension is also important as it specifies t g for width-constrained cavities. The grating arm was notched on the pivot point side in order to accept the movable arm at small . The estimated load of the movable arm plus mirror on the actuator was less than 10 N. We used a Zaber model T-LA28A actuator with a 50 N stalling load to tune the ECDL smoothly. We used two Coherent Inc. S-780-2000C-150-C 2 W cw single-stripe BALs, whose dimensions are 150 m ϫ 1 m ϫ 1000 m, in our ECDL. Similar lasers have been used in other ECDL designs [26, 29] . One of the two lasers was antireflection (AR) coated to suppress internal oscillations. The process of applying the single-layer AR coating was previously reported [29] . Each BAL was thermoelectrically cooled and powered by an MPL-2500 laser diode driver from Wavelength Electronics. The driver is capable of supplying 2.5 A of continuous current with an rms noise level Ͻ10 A. The laser is mounted on a two-axis linear translation stage with a 2.54 cm travel so that it can be moved along the laser plane (D L in Fig. 1 ) to access all the available cavity lengths and is perpendicular to this plane to optimize the synchronous tuning range by correcting for positioning errors of the feedback mirror. Ideally, in the displaced LittmanMetcalf configuration, fine alignment of the cavity optics is made one-dimensional by adjusting only the laser position. We used an aspheric lens and a cylindrical lens with focal lengths of 2.7 mm and 5 cm, respectively, to collimate the highly astigmatic beam. This setup produced a beam with a diffractionlimited width of 3 mm along the fast axis. However, because of high-order transverse structure, the slow axis was divergent. The collimating optics were affixed to the laser mount to allow two-axis motion of the laser. The collimated beam fully illuminated the 50 mm Optometrics gold-coated holographic grating at grazing incidence. The grating was written on a low-expansion Pyrex substrate. A 25 mm diameter mirror was sufficient to reflect the first-order diffraction and complete the external cavity.
The ECDL mount arms were designed to facilitate alignment of the cavity optics. The two arms were aligned to the pivot point with a machine precision of 0.0127 mm. We used a suspended laser line to guide this alignment. With the laser line following the inside edge of the grating arm, the grating could be very precisely aligned to the pivot point. This is important since the displaced configuration described earlier requires a well-positioned grating. The feedback mirror was aligned parallel to the movable arm edge along the mirror plane, and the laser was aligned parallel to the baseplate along the laser plane. Not counting the collimating optics, the remaining cavity elements could be aligned using this procedure in under an hour. This allows our ECDL mount to be configured with various diffraction gratings and lasers to suit experiments in multiple wavelength regimes. Also, when compared with the limited number of commercially available high-power tunable lasers, our design is much less expensive.
Results
Important properties used in characterizing ECDLs are the spectral bandwidth and coarse tunability. We used a plane-parallel scanning Fabry-Perot interferometer set at a free spectral range (FSR) of 15 GHz to measure the spectral bandwidth. Reflections from the Fabry-Perot back into the ECDL were prevented with a Faraday optical isolator. We used a SPEX 1.26 m Czerny-Turner high-resolution spectrometer with a thermoelectrically cooled 512 ϫ 512 element (charge-coupled device) array mounted at the exit plane for real-time monitoring the ECDL output and measuring the coarse tunable range. A Coherent Inc. Wavemaster wavemeter with 0.001 nm precision and an accuracy of 0.005 nm was used to measure the wavelengths and calibrate the spectra. Figure 3(a) shows the spectra obtained from a 1.26 m spectrometer. In Fig. 3(a) , we demonstrate the coarse tunable range of our ECDL with a cavity length of 23 cm. The extent of the coarse tunable range was 12 nm total and was symmetric about the center wavelength. The FWHM of a Lorentzian fit to Fig.  3(a) is 2.4 Ϯ 0.4 nm, which matches the free-running BAL bandwidth. Figure 3(b) shows the ECDL power over the coarse wavelength tuning range. The power measurements were done using a Molectron powermeter with an optical density of 0.7. The intensity fluctuations across the tuning range in Fig. 3(a) were caused by a changing transverse beam profile following mode hops during coarse tuning. During a mode hop, the pattern of beam filamentation would change. This was manifested as intensity fluctuations because the beam was not focused into the collecting fiber and so was sensitive to spatial intensity variations. In the current implementation, the high-order transverse structure affecting the spatial beam quality is not being controlled. The data for Fig. 3 was taken with the uncoated BAL in the cavity. There was a negligible difference in this tuning range when using the AR-coated BAL. However, the coupling efficiency on the wings was improved, which is important for significantly off-resonant applications. The average bandwidth of our ECDL at a full output power of 1 W was 8 Ϯ 1 GHz, which is more than 2 orders of magnitude narrower than the free-running bandwidth. This is better than comparable tunable dispersive ECDLs at this power output using BALs [25, 26] . When used in a spin-exchange optical pumping experiment, for example, our narrow-bandwidth cavity design would require less pressure broadening of the 2 P 1͞2 level to match the laser bandwidth. This reduces the collisional depolarization rate and may improve the net polarization.
As indicated from Fig. 3(a) , the spatial beam quality was observed to have a significant effect on the performance of our ECDL. This is further demonstrated in Fig. 4 , which shows Fabry-Perot output from the ECDL with an FSR of 15 GHz. From left to right, the feedback mirror was tilted along the slow axis to selectively couple the top, middle, and bottom of the BAL at a constant output power. Figures 4(a) and 4(c) each show a coupled laser with a narrower bandwidth than that of Fig. 4(b) , which shows a typical bandwidth at this output power. These measurements were taken with the BAL operating near full power. The grating disperses light only along the fast axis, and the bandwidth for each case was stable over time, thus the bandwidth modulation depicted in Fig.  4 arises simply by changing the structure of the feedback, in this case by using the BAL as an effective spatial filter. As the mirror was being tilted between the three positions, the BAL was observed to change from dominant single-lobed emission in the case of Figs. 4(a) and 4(c) to a primarily dual-lobed, but increasingly filamentary, emission pattern in the case of Fig. 4(b) . As noted earlier, the BAL prefers duallobed emission under normal feedback conditions; thus by changing the structure of the feedback, we were able to force the BAL into single-lobed emission in Figs. 4(a) and 4(c) by suppressing higher-order transverse mode structure. This demonstrates the connection between spatial beam quality and the emission spectrum of the coupled BAL. Additionally, the synchronous tunability of our ECDL was limited by this effect. The effect of tilting an external feedback mirror to control the emission of BALs has been observed previously [25, 30] . Qualitative measurements connecting the structure of the feedback to a reduction of transverse and longitudinal modes in the BAL emission spectrum have also been recently reported [31] . We have observed this and demonstrated its effect on the spectral bandwidth in Fig. 4 . We are continuing to investigate the dependence of the BAL emission spectrum on the spatial beam quality. This is a unique issue with BALs due to the intrinsic spatial and temporal dynamics that separate them from other types of semiconductor lasers.
Conclusions
We have described the design and characteristics of a high-power broad-area laser coupled to a rigid Littman-Metcalf-type external cavity. Our ECDL mount was designed to operate in a range of 756 -807 nm. This is suitable for accessing the K D1 and Rb D1 and D2 levels, which are important for spinexchange optical pumping experiments. The ECDL can be configured with any cavity length between 5 and 52 cm. This requires minimal realignment and can be accomplished in less than an hour. Because of this modular design, the ECDL mount can be adapted for other spectral ranges by substituting the appropriate laser and diffraction grating. This is a significant advantage over expensive commercial systems that cannot easily be reconfigured. Several passive stabilization techniques were employed to stabilize the laser frequency over long periods of time and to minimize the effect of transient noise. The average spectral bandwidth of our BAL is 8 Ϯ 1 GHz at 1 W output power with a coarse tunable range of 12 nm. We also showed that the bandwidth was dependent on the spatial beam quality of the BAL, which is generally poor due to multimode near-field structure along the slow axis. Whether or not the BAL was AR coated did not affect these properties, but did improve the coupling efficiency on the wings and provided a more spectrally pure output. Using a tapered amplifier with a Gaussian spatial profile in this cavity would greatly improve the performance of our ECDL but would ultimately limit the output power. Studying the behavior of BALs and diode arrays in external cavities is important in designing high-power ECDLs with the good beam quality of their low-power counterparts. High power, wide tunability, and narrowbandwidth operation, combined with short-and longterm stability and quick adaptability allows our ECDL mount to be used in a variety of applications.
